Metal-organic frameworks (MOFs) are hybrid porous materials with many potential applications, which intimately depend on the presence of chemical functionality either at the organic linkers and/or at the metal nodes. Functionality that cannot be introduced into MOFs directly via de novo syntheses can be accessed through post-synthesis modification (PSM) on the reactive moieties of the linkers and/or nodes without disrupting the metal-linker bonds. Even more intriguing methods that go beyond PSM are herein termed building block replacement (BBR) which encompasses (i) solvent-assisted linker exchange (SALE),
Introduction
Metal-organic frameworks (MOFs), also known as porous coordination polymers (PCPs), define a class of hybrid solids consisting of periodic coordination networks containing multitopic organic linkers and metal-ion-containing nodes or secondary building units (SBUs). [1] [2] [3] [4] [5] These crystalline, highly porous solids can possess ultra-high Brunauer-Emmett-Teller (BET) surface areas (B7000 m 2 g À1 ) [6] [7] [8] [9] and thus have garnered much interest for gas capture, separation and storage. [10] [11] [12] [13] [14] [15] [16] [17] However, the modular nature of the MOF structures, stemming from the tunability of the linker and metal SBUs, has also sparked interest in applications involving catalysis, [18] [19] [20] light harvesting, [21] [22] [23] [24] [25] sensing, 26 optical luminescence, 27, 28 ionic conductivity, [29] [30] [31] [32] and non-linear optical behavior. 33 Access to a wide range of potential applications is intimately tied to the ability to present a similarly wide range of chemical functionality within MOFs. Incorporation of functionality is straightforward if appropriately derivatized organic linkers can be synthesized and then directly employed in solvothermal materials syntheses. In some cases, however, challenges due to limited linker solubility, chemical stability, thermal stability, or functional group compatibility can preclude direct synthesis. Similarly, undesired reactions between linker functional groups and metal ions can lead to undesired products, to the exclusion of desired materials. Overly strong metal-ion-linker bonding can lead to formation of amorphous kinetic products to the exclusion of crystalline compounds. 34 Finally, undesired polymorphs of crystalline MOFs may be obtained to the exclusion of desired, and typically higher energy (i.e., thermodynamically less stable), polymorphs. 35 These issues have been a limiting factor in MOF synthesis, which in turn has truncated the range of accessible chemical functionality that can be incorporated into MOFs. [36] [37] [38] Post-synthesis modification (PSM), extensively reviewed by Cohen 38, 39 and by Burrows, 40 effectively removes the potential for functional-group interference during MOF assembly. PSM involves heterogeneous chemical reactions to functionalize preassembled MOF structures 38, 39 via:
(i) modification of linkers including (a) covalent modification (or elaboration), (b) deprotection of linker functionality (including demetalation), 38, 39, [41] [42] [43] [44] and (c) electron addition (reduction) and concomitant incorporation of charge compensating ions.
(ii) modification of metal-containing nodes including (a) incorporation of non-framework or pendant ligands via dative bonding to coordinatively unsaturated metal sites, 38,39,46-50 (b) alkyl or silyl grafting to oxygen atoms in metal-oxide nodes, 51, 52 and (c) attachment of metal ions or complexes at node oxygen sites via atomic layer deposition (ALD) 53 or via reaction with organometallic species in dry solutions. 53, 54 Beyond these extensively studied PSM approaches, various conceptually different post-synthesis routes are now emerging. Building block replacement (BBR) involves replacement of key structural components of the MOF including (i) solventassisted linker exchange (SALE), (ii) non-bridging ligand replacement, and (iii) transmetalation at nodes or within linkers. (Fig. 1 shows some examples of MOFs used in the BBR processes discussed below.) BBR is intriguing given that it opens up a very broad strategy for the synthesis of isostructural MOFs that in turn should enable functional MOF chemistry.
Both one-component and tandem building block replacement processes can provide access to otherwise unattainable MOF structures and functionality. They also may provide access to MOFs featuring gradient compositions and chemical properties.
Solvent-assisted linker exchange, (SALE), [55] [56] [57] often offers complete exchange of one organic linker for another possessing new functionality. Likewise, while transmetalation 58 provides a route to incorporate desired metal ions that are difficult to incorporate via de novo synthesis, replacement of non-bridging charge-balancing ligands represents an efficient way to engender new functional chemistry. In general, BBR reactions involve heterogeneous, linker, ligand, or metal-ion exchange, via breaking and remaking chemical bonds within the parent MOF. [55] [56] [57] [58] [59] Although it is difficult to be definitive, most examples of BBR to date appear to involve single crystal-to-single crystal transformations, rather than dissolution and recrystallization. Finally, in many cases it is relatively easy to find more mild conditions for BBR than the solvothermal conditions typically required for direct syntheses of MOFs. In our experience, BBR reactions also often work well with reactant concentrations that are too low for effective direct synthesis. Thus BBR can be especially useful when desired linkers or non-bridging ligands are expensive, delicate, or inherently incompatible with typical conditions for direct MOF synthesis.
BBR has been used to take on some recurring challenges in MOF synthesis, including: (i) preparing MOFs that appear to be inaccessible by direct methods; (ii) engineering the pores or nodes within MOFs (including controlling the pore volume, environment, aperture size, and chemical stability); and (iii) imparting or enhancing desired functional behaviour, including catalysis, selective gas sorption, ionic conductivity, redox conductivity, and mediating site-isolated chemistry. In addition, we discuss some of the key chemical factors controlling the extent, or even the feasibility, of BBR, both from the perspective of gaining a fundamental understanding and of discovering useful and transferable design or reaction rules. BBR reactions occurring only at or near the external surface of a MOF crystal [60] [61] [62] [63] point to an intriguing further level of potential structural and functional complexity; however those studies are beyond the scope of the review. Finally, we briefly speculate on possible new ways in which BBR may prove synthetically or functionally useful.
Solvent-assisted linker exchange
While PSM is often effective for circumventing problems associated with direct MOF preparation (vide supra), 38, 39 replacement of linkers is another viable strategy. It has variously been termed ''stepwise synthesis'', 64 ''bridging linker replacement'', 64 ''post-synthetic exchange'', 59 isomorphous ligand replacement, 65 and stepwise ligand exchange. 64 We prefer the term ''SALE'' [55] [56] [57] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] as it highlights the importance of the solvent during linker exchange. Conceptually SALE occurs at the solid-solution interface; a parent MOF is placed in a solution containing a second linker and a daughter MOF retaining the parent MOF topology is obtained. Similar linker exchange approaches have been utilized in metal diphosphonate-pillared zirconium phosphate, 75 cross-linked organophosphazene polymers, 76 and supramolecular coordination complexes, including metalorganic polyhedra, 77, 78 but these are beyond the scope of this review. One might suspect smaller pore volumes to be readily obtainable via SALE-the diffusion of smaller linkers should be facile into pores of larger dimension (vide infra). In contrast, SALE of longer linkers might be significantly more difficult given presumably slower diffusion as well as the necessity for significant structural changes within the framework upon exchange. Recently however, Karagiaridi et al. demonstrated that linkers of increasing length could be introduced into the pillared-paddlewheel MOF, SALEM-5 [Zn 2 (Br-tcpb)(dped)], via SALE (Fig. 2) . 56 SALEM-5 contains layers of Br-tcpb linker and the 9 Å dped pillars which could be replaced by dipyridyl pillars of 11 Å tmbbp (SALEM-6), 14 Å nbp (SALEM-7) and 17 Å tmbebp (SALEM-8) (Fig. 2 ). In the most striking example (i.e., SALEM-5 with dped pillar to SALEM-8 with tmbebp pillar), the c-axis of the resultant unit cell expands from 17. However, DO-MOF, under SALE conditions with bipy and abp replaces the dped pillars and yields the non- 6 ] could be exchanged with NH 2 -bdc, Br-bdc, N 3 -bdc, OH-bdc, and (OH) 2 -bdc (see Fig. 1g ). 66 These exchanges could be observed both at the single particle level using aerosol time-of-flight mass spectrometry (ATOFMS) and on the bulk sample via H NMR demonstrated that exchange ratios between 9 and 76% could be achieved depending on the solvent, temperature, and time of the reaction utilized. Interestingly, SALE can also occur between the preformed NH 2 -bdc and Br-bdc MOF derivatives (i.e., in a solid-solution-solid transformation). 59 These results suggest that one of the MOFs must dissolve to some extent for linker incorporation to occur.
Karagiaridi et al. also demonstrated that pore functionality could be readily controlled in another highly sought after class of MOFs, namely zeolitic imidazolate frameworks (ZIFs). 55 The eim linkers in {Cd(eim) 2 } (CdIF-4), a ZIF possessing RHO topology and Cd 2+ nodes, could be exchanged for nim and mim linkers to form {Cd(nim) 2 } (CdIF-9), and {Cd(mim) 2 } (SALEM-1) respectively. The SALE reactions that occur between CdIF-4, CdIF-9 and SALEM-1 are summarized in Fig. 3 2 ] is ''opened up'' (Fig. 4 , from negligible to 2.9 Å). 57 It is important to note that the aperture of ZIF-8
is dynamic 80 and it appears that these dynamics are more prevalent in SALEM-2. To probe the effect of this difference in pore aperture dynamics, SALEM-2 and ZIF-8 were exposed to solutions of n-hexane, cyclohexane, and toluene whose kinetic diameters are 4.3, 6.0, 6.1 Å respectively. As measured by TGA-MS, SALEM-2 readily uptakes all three molecules while ZIF-8 only displays uptake of n-hexane. The methyl group on the mim linker creates a steric hindrance of the 3.4 Å aperture (along the 111 axis) in ZIF-8 which renders it less dynamic than that in SALEM-2. . Once in hand the Lewis acidic ZnAl-RPM was an active catalyst for the ring-opening of styrene epoxide with trimethylsilylazide (60% conversion). Notably the parent ZnZn-RPM only yielded 2% conversion under identical conditions.
Returning back to UiO-66 ( Fig. 1g) has pores partially lined with protonated hydrogen phosphonate groups (rather than the non-protonated sulfonate groups) that in turn facilitate the proton conductivity of b-PCMOF2 72 Starting from a pillared-paddlewheel MOF {Zn 2 (Br-tcpb)(dpni)} (Br-YOMOF), SALE was utilized to introduce a tetravinyldipyridyl pillar, resulting in SALEM-14 ( Fig. 7B ). Subsequently, a first-generation Grubbs' catalyst was used to perform aromatic ring closing metathesis on the tetravinyl-pillar resulting in a new MOF, PAH-MOF-1 (Fig. 7C ). SALE proved to be necessary to avoid unproductive intermolecular chemistry and poisoning of the Ru-based catalyst by the Lewis basic pyridine. In short, the MOF was needed as a protecting reaction flask 83 to mediate the reaction, thus highlighting a potentially attractive avenue for MOF chemistry.
Feasibility of SALE: chemical principles
Recent experiments have given insight into some fundamental aspects of SALE. For most of the cases discussed above researchers have concluded that SALE is occurring in a singlecrystal-to-single-crystal (rather than dissolution-reassembly) manner; however, more work is required to realize a complete mechanistic picture of SALE. As expected a fundamental understanding will take both thermodynamics (e.g., pK a of incoming linkers) and kinetics (e.g., diffusion of linkers) into consideration and as expected the role of the solvent merits considerable attention. 2.3.1. Thermodynamic and kinetic aspects of linker exchange. The feasibility of linker exchange in MOFs should be carefully examined in light of its thermodynamics. In this regard, the reversibility of the exchange of bdc to Br-bdc linkers in the prototypical MOF-5 [Zn 4 O(bdc) 3 , Fig. 1d ], and its Br-bdc analogue has been studied recently by Gross et al. 69 Based on Gibbs free energy calculations for the bdc/Br-bdc ligand pair, the authors concluded that the DG associated with the linker exchange process in the MOF-5 structure is approximately equal to zero, therefore the linker exchange can be regarded as an equilibrium between linkers in the solution and in the solid MOF crystals. In a one-step exchange process utilizing MOF-5 with Br-bdc as an incoming linker at 85 1C they observed 15.2% (after 6 h) and 52.6% (after 24 h) incorporation of Br-bdc. However, when the exchange was performed on the Br-bdc analogue of MOF-5 with bdc as an incoming linker, it was found that as much as 40.7% of the Br-bdc linker was replaced after 6 h. Moreover, it was also found that the linker exchange in MOF-5 is reversible, as it was shown in a two-step process (exchange of bdc to Br-bdc and reverse). The significant difference in exchange ratios for MOF-5 and its Br-bdc analogue was explained in terms of reaction kinetics; as the different sizes of the bdc and Br-bdc linkers affect the relative diffusion rates of incoming ligands during linker exchange (as Br-bdc substitutes into the MOF-5 framework, the pore size is reduced due to the bulky Br-bdc molecules).
Another kinetic aspect that deserves evaluation is the role of crystallite size on the rate of SALE. In their work on RPM systems, Takaishi et al. experimented with varying the crystal size of the MOF by grinding and monitoring the rate of the reaction. 70 They discovered that the ground crystals reached SALE equilibrium more rapidly than the larger crystals indicating the salient role of diffusion in the SALE process. This finding was further corroborated by scanning electron microscopyenergy dispersive X-ray spectroscopy (SEM-EDX), which established that the concentration of Sn (the metal present in the incoming metallo-porphyrin based dipyridyl pillars) was much higher around the crystal surface than in the crystal core.
2.3.2. pK a correlations. In the course of SALE reactions the metal-parent linker bonds are broken and the metal-daughter linker bonds are formed. In the case of the nitrogen-based imidazolate and dipyridyl linkers, the pK a of the conjugate acid (i.e., the corresponding monoprotonated linkers) can be used as a measure for the strength of the coordination bond they would form with the metal; a higher pK a results in more stable ligand-metal coordination. The sequential and reverse SALE studies performed on the previously described CdIF-4 system (Fig. 3) glean some insight into this matter. It was observed that the single crystal-to-single crystal exchange of the eim and the mim linkers of CdIF-4 and SALEM-1 are possible. However, an attempt to perform SALE of eim or mim on {Cd(nim) 2 } (CdIF-9) results in dissolution of the parent crystals rather than linker exchange ( Fig. 3 ; note the reversibility of the SALE reactions). 55 This result was rationalized based on the relative Lewis basicity of the imidazolate derivatives in question. A lower basicity of the nim linker in comparison to eim and mim results in weaker Cd-N coordination bonds in CdIF-9 than those present in the CdIF-4 and SALEM-1 compounds, respectively. Therefore, the crystals of CdIF-9 most likely dissolve at a higher rate than the bonds between Cd and the incoming imidazolate are formed, resulting in framework dissolution. In a follow-up study, Karagiaridi et al. investigated the effect of the pK a of the conjugate acids of monoprotonated dipyridyl pillars on the feasibility of a SALE reaction. 56 They exposed crystals of SALEM-5 ( Fig. 2) to a solution containing, in one case, equimolar amounts of bipy (pK a = 4.44) and tmbbp (pK a = 4.68), and in another case equimolar amounts of bipy and abp (pK a = 3.62). In both cases, 1 H NMR spectra established selective SALE of the more basic linker. These studies also provide insight on the selection of both the parent MOF system and the incoming linker to be incorporated into it. 2.3.3. Solvent effects. SALE reactions requires solvent that enables linker dissolution and diffusion into the MOF interior. Though several SALE studies emphasize that the linker exchange is only feasible in one particular solvent (for example SALE of im into ZIF-8 only takes place in n-BuOH), 57 the role of the solvent on SALE still remains unclear. One rigorous solvent study by Kim et al. reveals that the solvent polarity and coordinating ability play a key role during SALE of bdc derivatives within UiO-66.
59
The extent of SALE in various solvents increases in the order of chloroform o MeOH o DMF o water. This study also highlights the importance of careful solvent selection as it can have a profound effect on the solubility of the linkers that are being incorporated via SALE. For example, the solubility of Br-bdc in water is lower than that of NH 2 -bdc, which translates into a lower extent of Br-bdc incorporation into UiO-66 particles (48% vs. 67% with NH 2 -bdc).
Non-bridging ligand replacement
While MOF nodes can be composed of single metal ions, they can also be comprised of discrete metal-containing clusters (see Fig. 1 for examples). These metal-cluster containing nodes offer an opportunity to introduce a battery of new functionality through the replacement of charge balancing non-bridging ligands. While typical metal node functionalization utilizes dative bonding to coordinatively unsaturated metal sites, [46] [47] [48] [49] [50] non-bridging ligand replacement relies on either acid-base or ligand exchange chemistry between the existing anionic ligand on the MOF node and the incoming anionic ligand. The result is the introduction of functional groups as charge compensating and strongly bound moieties to the MOF node via ionic bonding. Like SALE, non-bridging ligand replacement is expected to be governed by many of the factors that govern SALE including solvent selection, diffusion, and pK a of the conjugate acids (vide infra). This idea was recently realized when Deria et al. reported a new BBR technique called solvent-assisted ligand incorporation (SALI) for Zr-MOFs. The authors reported the efficient incorporation of carboxylate-based organic functional groups (CFGs) into the mesoporous MOF, NU-1000 (Fig. 8a) within the mesoporous channels of NU-1000 by utilizing perfluoroalkyl carboxylic acids of varying chain length (-CF 3 , -C 3 F 7 , -C 7 F 15 and -C 9 F 19 ). The resulting materials showed increased Q st values for CO 2 and slightly less affinity for water vapor. 84 Notably, this technique not only proved to be versatile, tolerates many functionalities, but is also shown to yield new materials that are robust and effective for secondary functionalization at the SALI-incorporated moiety. 85 In view of their high thermal, mechanical, and chemical stability, 86 UiO-66-type materials constitute a similarly intriguing class of MOFs compounds, considering a comprehensive picture regarding the stability and reactivity of this group of MOF materials. For instance, it was demonstrated by Wu et al. 87 and subsequently Katz et al. 88 that depending on the synthetic conditions the UiO-66 framework (see Fig. 1g ) may lack one or more structural elements 54 (i.e., they may exhibit the missing linker phenomenon) without losing its integrity and topology; such systems can facilitate non-bridging ligand exchange. In a recent study, Suh and coworkers employed a slightly modified SALE approach to exchange the bdc linkers in UiO-66 material for various flexible alkanedioic acids (AD).
89
As a result the authors obtained a series of modified UiO-66-ADn derivatives ( Fig. 8b ; ADn is defined as HOOC-(CH 2 ) n -COOH, where n = 4, 6, 8, and 10). In contrast to a conventional SALE process, during the post-synthetic linker exchange, a single ditopic terephthalate linker (bdc) was replaced by two flexible ditopic alkanedioate ligands, leading to UiO-66 derivatives functionalized with pendant carboxylic groups. Given that UiO-66 materials can possess ''missing linker''-defects (for UiO-66 consisting 12 linker nodes, a geometric surface area of 800 m 2 g À1 was estimated 88 ) , it is quite possible that a part of the AD-functionalization could proceed via a non-bridging hydroxyl ligand replacement (similar to that involved in SALI; vide supra) in addition to the bdc linker replacement process as described by the authors. Using ideal adsorption solution theory (IAST), they demonstrated that for landfill gas separation (a 50 : 50 mixture of CO 2 and CH 4 ), all of the UiO-66-ADns showed higher selectivity for CO 2 over CH 4 relative to UiO-66.
Transmetalation
In this section we will discuss reactions that involve postsynthesis replacement of MOF building blocks via transmetalation. 58 Also known as ''metal metathesis'' 90 or ''metal-ion exchange'', 91 transmetalation entails partial or complete replacement of the metal nodes (or sometimes extra-framework metal moieties) of a MOF by a reaction with a metal precursor (in most cases a solution of a metal salt) in a single crystal-tosingle crystal fashion. The emergence of this synthetic pathway in MOFs has been relatively recent, with around thirty reports of successful cases; 41, 62, 63, 66, 68, (including a few examples of complete replacement). Besides discussing how transmetalation engenders new MOF evolution and enables new functional chemistry, we analyze the current literature in order to provide a set of fundamental principles that govern successful metal replacement reactions. These principles appear to offer insight into why only a handful of transmetalation experiments lead to full metal exchange, whereas partial transmetalation is more common.
Metal node engineering
4.1.1. Obtaining compounds that are unattainable de novo. Perhaps the most straightforward and obvious aspect of transmetalation is its ability to generate MOFs featuring metals that are challenging to obtain for specific compounds through conventional syntheses. This is especially relevant in the case when a new structurally or functionally interesting MOF topology is synthesized with a given metal node. Attempts to diversify a specific MOF by adapting an established synthetic pathway to other metal ions are not always successful, since the variation in size, geometric restriction on the preferred coordination sphere and electronic properties of the different metal ions may interfere with the MOF structure assembly. 91 In an attempt to prepare Cu-SNU-51, the authors employed transmetalation by soaking Zn-SNU-51 in a methanolic Cu(NO 3 ) 2 solution. While powder X-ray diffraction (PXRD) established that the parent and daughter materials are structurally similar and no new phase was formed, the authors ruled out the recrystallization following a dissolution process based on the fact that the transmetalation rate was fast (27%, 44% and 75% conversion in 10, 30 and 120 minutes respectively) as followed via ICP analysis. It is important to note that more information regarding the rates of single crystal-to-single crystal transmetalation as well as dissolution followed by recrystallization are needed to establish the true nature of these processes. Fig. 1l ) with large btdd linkers that they had obtained for Zn
2+
. 94 To avoid tedious optimization, all the above research teams utilized transmetalation to successfully achieve their goals. Fig. 1g ). 66 Conversely, it is not trivial to introduce metals that favor unusually high coordination numbers, e.g., lanthanides, into the low-density sodalite topology of {M 3 [(M 4 X) 3 L 8 ]} (where metals are found in an octahedrally coordinated geometry; see Fig. 1j , and X = Cl or O and L = btt or hett). 90 As discussed in more detail below, transmetalation has in several instances proven to be an effective way to meet these challenges and has helped expand the synthetic possibilities in MOF chemistry. demonstrates the wealth of information that can be obtained from studying isostructural MOFs functionalized by different metal ions -a goal that can be readily achieved by transmetalation, given its single crystal-to-single crystal nature. Transmetalation has also been implemented for the improvement of CO 2 sorption properties. It has been recently shown that the Zr 4+ nodes of the highly robust UiO-66 (Fig. 1g) can be partially transmetalated with the significantly smaller cation Ti
4+
. 66 Lau et al. demonstrated that modification of the UiO-66 framework leads to pore constriction that promotes better accommodation of CO 2 molecules, and which is ultimately manifested in an enhancement of the CO 2 uptake. 96 In fact, replacing only 56% of the heavy Zr 4+ nodes with Ti 4+ led to an 80% improvement of the framework's ability to take up CO 2 (from 2.3 mmol g À1 to 4 mmol g À1 at 120 kPa). Notably, this enhancement of the gravimetric CO 2 uptake is much higher than that expected from reduction of the molecular weight of the MOF (calculated to be 19% for a model of a 100% Ti 4+ -exchanged UiO-66). Botas et al. also observed a similar improvement in CO 2 uptake -in partially Co 2+ -doped MOF-5. 112 They attributed this effect to an increase in charge-quadrupole interactions between the doped framework and CO 2 . 4.2.3. Sensing. When MOF transmetalation occurs in a specific and easily detectable fashion, it can be exploited for sensing metal cations. This idea was used in the case of the fluorescent Al-MIL-53 MOF with the general formula of {M(OH)(bdc)} (Fig. 1f) . The MOF's fluorescence has been attributed to photo-emission from a ligand-to-metal charge transfer (LMCT) transition. 117 However, given the extraordinary energetic difficulty of accomplishing one electron reduction of Al(III), the attribution seems unlikely. Presumably emission is instead occurring from a linker-localized excited state. 
Feasibility of transmetalation: fundamental principles
Numerous examples of transmetalation in MOFs allow us to analyze its scope and feasibility to draw a more detailed picture regarding the fundamental processes involved. Below we provide an analysis of the most important factors that determine the success of transmetalation. The first aspect to consider is the thermodynamic stability of the daughter MOF relative to the parent framework. To probe the stability of MOF nodes, we can resort to a criterion developed for transition metal complexes -the Irving-Williams series. The Irving-Williams series predicts increasingly stronger metal-ligand interactions in high-spin octahedral complexes of 3d M 2+ species.
The stability of the respective complex peaks for Cu ) and the ITHD series (Fig. 1c) , respectively, establish the thermodynamic stability trend in MOF metal nodes to be in the order Cu 2+ c Ni
, which is in good agreement with the Irving-Williams series (Fig. 11) . 63, 101 These results, along
with the recorded data indicating strong Ni-O bonds and large formation constants for Ni-ammine complexes, 120 can explain the choice of Ni 2+ in transmetalation experiments geared to enhance the framework stability (vide supra).
Another aspect governing transmetalation is the preferable coordination state that a given metal assumes. Finally, the success of transmetalation depends on the ability of the metal ion to access the framework interior. There is good evidence that rates of transmetalation can be limited by diffusion. For example, in some cases of partial transmetalation higher degrees of transmetalation have been measured at and near the MOF crystal exterior surface than in the interior. 62 Thus, a MOF must possess channels that enable diffusion of the incoming metal species to the crystal core. MFU-4 [Zn 5 Cl 4 (bbta) 3 ], which possesses very narrow (2.5 Å) pores was found to be impermeable to Co 2+ , unlike its larger counterpart, MFU-4l [i.e., Zn 5 Cl 4 (btdd) 3 ], which features 9.2 Å pores and successfully undergoes transmetalation as discussed above. 94 Additionally, pore flexibility may also facilitate the entry of metal ions. When transmetalation experiments with Cu 2+ were performed on Zn-HKUST-1 (Fig. 1a) , a paddlewheel-based MOF with relatively small and rigid btc linkers, replacement was only 56% complete even after 3 months. In contrast, Zn-PMOF-2 [Zn 4 (tdpeb) 8 (H 2 O) 12 ], another paddlewheel-based framework possessing more flexible tdpeb linkers, underwent complete transmetalation in three days. 62 
Outlook and future directions
In previous sections we discussed numerous examples of BBR, where only one structural element, namely the metal ions, charge-balancing ligands in the node or the organic linkers had been replaced. These examples nicely demonstrate that MOF structures are highly modular and can be altered via BBR. Recently presented strategies for tuning the physical and chemical properties of porous crystalline materials emphasize a deliberate introduction of framework heterogeneity by increasing the number of constituents. Introducing a variety of building units into a single crystalline solid containing gradients of functionality may open up new opportunities for application-based MOF chemistry. This goal can be achieved, to some extent, by using de novo approaches -for example, incorporating multiple linkers into the same crystal containing different functional groups. 37, 121 Importantly, some recent examples demonstrate a high potential for the construction of multiple building block (nodes and the organic linkers) MOFs by utilizing the BBR strategy. An important exploration of BBR reactions towards multiple building block MOF structures is a stepwise replacement of linkers and metal ions in nodes within the parent framework. Cohen and co-workers selected two ZIF materials, zinc 4,5-dichloro-imidazolate {Zn(dcim) 2 } (ZIF-71) with RHO topology (Fig. 1e) and zinc 2-methylimidazolate {Zn(mim) 2 } (ZIF-8) with SOD topology (Fig. 4) for tandem building block replacement experiments (Fig. 12) . 68 The exchange process for ZIF-71 was conducted in two ways; in the first, the compound was exposed to a solution of 4-bromoimidazole (brim) for linker exchange, and then the metal cation was exchanged by soaking the brominated ZIF in a methanolic solution of Mn(acac) 2 . For the reverse process, the exchange of a metal ion (Zn 2+ to Mn Similarly, we speculate the future utility of BBR can conceptually encompass the following areas:
(i) BBR in MOF membranes: MOF membranes are regarded as interesting materials for gas separations. 14, [122] [123] [124] [125] [126] [127] [128] However, the formation of MOF membranes is limited by synthetic obstacles (related to solvothermal MOF synthesis and preparation of a good quality membrane) 122, 124, 126, 127, 129 and the incorporation of desired functionality is also challenging. In this view, BBR in MOF membranes, especially ZIF-containing systems, [128] [129] [130] [131] [132] could offer new possibilities for enhancing the stability and versatility of separations.
(ii) BBR in Layer-by-Layer (LbL)-grown MOF films; the LbL technique has become a promising methodology for growing MOF films, with precise control over thickness, orientation, and porosity, on various substrates. 25, 122 BBR in combination with LbL could significantly widen the scope of the LbL approach by application of post-LbL SALE or transmetalation, leading to multifunctional MOF films that are difficult to synthesize de novo.
(iii) Different attachment chemistry for non-bridging, charge compensating ligand exchange (SALI): exploration of different attachment chemistry for SALI is another way forward for the synthesis of highly robust functional MOFs (vide supra). This new concept could be further expanded in several directions by incorporation of various types of charged anchoring moieties (not limited to carboxylic acids) resulting in a broader scope of SALI. Utilizing this approach might lead to interesting directions such as incorporation of multiple light harvesters or redox active moieties for the construction of functional arrays or photoredox antenna systems.
While it is clear that SALE, transmetalation and nonbridging ligand exchange stand to become essential components in the MOF synthesis toolbox, it is also clear that much work is needed to fully understand many of the fundamental aspects governing these unique chemical transformations. Looking forward we anticipate that BBR will become a key player in the conversion of protoMOF structures that contain entirely new linkers and nodes and that those materials will exhibit unique properties that are rarely attainable utilizing traditional synthetic methods. 
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